We determined the extent of convergence of preganglionic fibers from the right and left vagus nerves on postganglionic neurons that supply the sinoatrial node in chloralose-anesthetized dogs. We administered hemicholinium-3 and stimulated the right vagus nerve at a high frequency to deplete acetylcholine from the postganglionic parasympathetic neurons supplied by that nerve. We compared the effects of this "depletion regimen" with the responses in two control groups: a stimulation control group, which was subjected to high-frequency right vagus stimulation only, and a drug control group, which received a hemicholinium-3 infusion only. This model assumes that stimulation of a fiber from either cervical vagus nerve would ordinarily activate all the postganglionic neurons it supplies. Thus, in Figure 1A , stimulation of the LV would fire postganglionic neurons a and b, and stimulation of the RV would fire neurons b and c.
C onvergence of several presynaptic axons on individual postsynaptic neurons is an important integrating mechanism in the nervous system. Anatomic and functional studies have shown that preganglionic parasympathetic fibers converge on postganglionic neurons in the hearts of nonmammalian species. Roper and Ko1 estimated that about one third of the cardiac ganglion cells in the frog heart receive bilateral innervation from preganglionic vagus nerve fibers. Similarly, by measuring acetylcholine (ACh) overflow in the isolated, innervated chicken heart, Lindmar et a12 have provided convincing evidence for bilateral vagal innervation of cardiac postganglionic neurons. These investigators depleted ACh by combining prolonged unilateral vagus stimulation with the infusion of hemicholinium-3 (HC-3), a drug that inhibits ACh synthesis in parasympathetic nerve terminals.3,4 Thereafter, the ACh overflow from the chicken heart evoked by contralateral vagus nerve stimulation was reduced by about 75%, a result that signifies substantial convergence of right and left vagal fibers on common postganglionic neurons.
Evidence for convergence of preganglionic parasympathetic fibers onto postganglionic neurons in the mammalian heart, however, is indirect and controversial. 5, 6 In an effort to settle this controversy, we designed experiments to test for convergence of preganglionic nerve fibers from the right vagus (RV) and left vagus (LV) nerves on common postganglionic neurons in the dog heart. Our protocol was based on the experimental design used by Lindmar et a12 to test for convergence in the chicken heart. This model assumes that stimulation of a fiber from either cervical vagus nerve would ordinarily activate all the postganglionic neurons it supplies. Thus, in Figure 1A , stimulation of the LV would fire postganglionic neurons a and b, and stimulation of the RV would fire neurons b and c.
We postulated that if a significant number of preganglionic LV nation of HC-3 and prolonged RV stimulation), then the subsequent response to LV stimulation would be significantly diminished. Under such conditions, LV stimulation would fire only fiber a ( Figure 1B) , rather than fibers a and b. Conversely, if preganglionic LV and RV fibers did not converge on common postganglionic neurons ( Figure 1E ), then the response to LV stimulation would not be affected by depletion of ACh from postganglionic neurons innervated by the RV ( Figure 1F ). Figure 1 demonstrates other potential patterns of ACh depletion that might have resulted from our protocol in either the presence (panels C and D) or the absence (panels G and H) of convergence. For example, if ACh were depleted from convergent preganglionic RV fibers before the postganglionic neurons could be depleted ( Figure 1C ), LV test responses (firing of postganglionic neurons a and b) would not differ from the control responses. In contrast, if ACH were depleted from preganglionic and postganglionic fibers simultaneously ( Figure  1D ), the responses to LV stimulation would be less than the control response; only fiber a would be activated. In the absence of convergence, neither preganglionic depletion ( Figure 1G ) nor combined preganglionic and postganglionic depletion ( Figure  1H) The experimental design to test for convergence included the following three groups: 1) a "depletion" group, which received both HC-3 and tonic RV stimulation; 2) a "drug control" group, which received HC-3 only, and 3) a "stimulation control" group, which received RV stimulation only. We randomly assigned each animal to one of the three groups; each group consisted of five animals.
At the beginning of each experiment, we determined the CCL responses to three "test" stimulations to each vagus nerve. All stimulation voltages were supramaximal (6-10 V), and the pulse duration was 1 msec. For our test stimuli, we stimulated the nerves at a frequency that increased CCL by more than 500 msec; the same test stimulus characteristics were maintained throughout the experiment. Each test stimulation train was about 15 seconds in duration, and at least 60 seconds was allowed to elapse between stimulations.
After the control data were obtained, animals in the depletion and drug control groups received a 10-ml bolus injection of HC-3 (0.55 mg/kg i.v.), followed by a continuous infusion of the drug (22 ,ug/kg/min) for the 2-hour duration of each experiment. We infused an equivalent volume of saline into the animals of the stimulation control group. Each animal received a total of 570 ml infusate during the 2-hour experiment.
In the depletion and stimulation control groups, we delivered sustained, high-frequency, supramaximal vagus stimulation to the RV nerve. We began this "intense" RV stimulation 5 minutes after the beginning of the drug or saline infusion, and we The responses of the three groups were assessed by an analysis of variance.8 The experiments contained three factors: V, the specific nerve trunk that was stimulated; T, the time at which the test stimulations were delivered; and G, the experimental group. There were two levels (LV and RV nerves) of factor V, nine levels (0, 2.5, 30, 45, 60, 75, 90, 105, and 120 minutes) of factor T, and three levels (drug control, stimulation control, and depletion groups) of factor G. F tests were used for all planned comparisons of mean values.
Results

Depletion Regimen
A typical response to the depletion regimen is illustrated in Figure 2 . In this experiment, the basic cycle length was 480 msec. A control test stimulus (6 Hz) to the RV nerve before HC-3 infusion increased CCL to 1,340 msec, a 179% increase. Similarly, a control test stimulus (13 Hz) to the LV nerve increased CCL to 1,200 msec, a 150% increase. After 120 minutes of HC-3 infusion and intense RV stimulation, test stimulation (6 Hz) of the RV increased CCL to 530 msec from a basic cycle length of 500 msec, only a 6% increase. Test stimulation (13 Hz) of the LV, on the other hand, increased CCL to 1,100 msec, a 120% increase. Thus, the combination of HC-3 infusion and prolonged RV stimulation markedly attenuated the response to RV stimulation, but only slightly diminished the response to LV stimulation. Figure 3 shows the time courses of the responses to test stimulations of the RV and LV nerves in the three groups of animals. In the depletion group ( Figure 3A) , RV stimulations prolonged CCL by 867±87 (SEM) msec before we started the depletion regimen (t=0). The RV responses decreased substantially within 2.5 minutes after beginning the depletion regimen, and they were almost abolished after 120 minutes (52+13 msec). In contrast, the responses to LV stimulation decreased from a control value of 645+49 to 437±+64 msec at 2.5 minutes after the beginning of the depletion regimen. The responses then remained stable at about this level for the remainder of the 2-hour period (456+61 msec at 120 minutes). During the period of sustained, intense, RV stimulation, the responses to the test stimulations of the RV nerve were much more attenuated (p<0.0001) than were those to LV stimulation. To determine the separate effects of the two components of our depletion protocol, we measured the effects of HC-3 infusion alone in the drug control group and of intense RV stimulation alone in the stimulation control group. HC-3 infusion alone decreased the chronotropic responses to test stimulations of the LV and RV nerves ( Figure 3B ). The response to the test stimulation of the RV nerve decreased from 876±90 msec (t=0) to 406±46 msec 2.5 minutes after the beginning of HC-3 infusion. The response then stabilized at 546±43 msec after 120 minutes of drug infusion. The initial response (t=0) to test stimulation of the LV was 641 ± 74 msec. The response then decreased to 380±34 msec (t=2.5 minutes) and stabilized at 514±57 msec (t= 120 minutes). Intense RV stimulation by itself did not significantly affect the chronotropic responses to test stimulation of either vagus nerve ( Figure 3C ). Figure 4 compares the chronotropic responses to the test stimulations of the RV and LV nerves before and at the end of the experimental periods in these three groups of animals. The data were evaluated by an analysis of variance; the factors were group, vagus nerve, and time.
Although the initial chronotropic responses (t=0) to test stimulation of the RV nerve ( Figure 4A Figure 3. responses (t=120 minutes) differed markedly (p= 0.0001). In addition, the interaction between treatment group and time was pronounced (p<0.00001); that is, the difference between the responses to nerve stimulation at t=0 and t=120 depended on the group to which the animal belonged. The most pronounced difference prevailed in the depletion group. The mean response at 120 minutes in this group diminished to 6% of the mean initial response.
The chronotropic responses to the test stimulations of the LV nerve did not change appreciably over the 120-minute observation period in the stimulation control group ( Figure 4B ). However, in the depletion group, the mean response at 120 minutes was 71% of the control response. Similarly, in the drug control group, the mean response at 120 minutes was 80% of the control response. The changes in the depletion group over the 120-minute observation period were not significantly different (p=0.5) from those in the drug control group.
Site ofAcetylcholine Depletion
Figures 3 and 4 show that the depletion regimen virtually abolished the chronotropic response to RV stimulation, but its effect on the response to LV stimulation was not significantly greater than the effect of HC-3 alone in the drug control group. These results suggest negligible convergence of fibers from the RV and LV nerves on common postganglionic neurons, as illustrated by panels E and F in Figure 1 .
In this figure, the depletion regimen (panel F) abolishes the response to RV stimulation, but does not appreciably affect the response to LV stimulation.
However, if our depletion regimen had actually depleted the ACh from preganglionic neurons well before it could have depleted the ACh from the postganglionic neurons, our experimental design would not have been able to distinguish between the presence or absence of convergence. Consider, for example, that left and right preganglionic fibers did converge on a substantial pool of postganglionic neurons, as illustrated in Figures lA-1D . Consider also that our depletion regimen had depleted the ACh from the preganglionic neurons of the RV before the postganglionic neurons innervated by those preganglionic neurons could have been depleted. Panels C and G in Figure 1 show that the responses to RV and LV stimulations would not depend on the presence (panel C) or absence (panel G) of substantial convergence. Therefore, we conducted an additional series of experiments to verify that the postganglionic parasympathetic neurons were indeed the neurons from which ACh was depleted by our depletion regimen.
We devised methods to stimulate postganglionic vagus nerve fibers in the walls of the right atrium and to measure the effect on atrial contraction. We inserted a small balloon into the right atrial appendage and anchored the balloon near the tip of the auricle. We introduced 1-2 ml saline into the balloon and assessed atrial contraction by measuring the pressure changes in the balloon.
Stimuli to the intramural nerve fibers were generated by an electronic stimulator (Grass SD9) connected to two electrodes attached to the base of the right auricle. One electrode was attached near the junction of the auricle with the superior vena cava, and the other near the junction of the auricle with the inferior vena cava. The stimulator, controlled by an analog computer, generated brief bursts of electrical pulses (10-15 V, 1-msec duration, 4-5 pulses per burst, 4-msec interval between pulses). The stimulus bursts were used to pace the atrium at a frequency that was just greater than the control heart rate. All pulses in the burst except the first were delivered during the atrial refractory period. The bursts of pulses served not only to pace the heart, but also to stimulate the intramural nerve fibers. We gave propranolol (1 mg/kg i.v.) to block any 83-adrenergic effects caused by stimulation of intramural sympathetic fibers.
We conducted preliminary experiments in two animals to verify that our technique for stimulating intramural nerve fibers did activate postganglionic parasympathetic neurons. The results of one of these experiments are shown in Figure 5 . In this animal, treated with propranolol, cervical vagus nerve stimulation inhibited the atrial contraction by 84%, and intramural nerve stimulation inhibited the atrial contraction by 46%. After we gave hexamethonium, a ganglionic blocking drug, the effect of cervical vagus nerve stimulation on atrial contraction was abolished, whereas intramural nerve stimulation retained its ability to inhibit atrial pressure (44% inhibition). The effects of this protocol in the second animal were similar to those shown in Figure 5 . In one other animal that was given propranolol but not hexamethonium, atropine (0.1 mg/kg i.v.) abolished the atrial contractile responses to cervical vagus stimulation and to intramural nerve stimulation. We conclude that the effects of our procedure for stimulating the intramural nerve fibers in the right atrium are mediated almost exclusively by postganglionic parasympathetic fibers.
We conducted three additional experiments to determine whether the postganglionic parasympathetic fibers were the critical sites at which neurotransmitter was depleted by our regimen. We implemented our depletion regimen, except that we stimulated intensely both cervical vagus nerves instead of just the right nerve. We compared the chronotropic and atrial contractile responses to test stimulations of the cervical vagus nerves and of the intramural auricular nerve fibers before (t=0) and during the 120-minute depletion regimen ( Figure 6 ). The atrial contractile response to test stimulation of the intramural nerve fibers was used to assess the extent of neurotransmitter depletion from the postganglionic parasympathetic nerve fibers. In contrast, the chronotropic response to test stimulation of both cervical vagus nerves was used to assess the extent of The magnitude of this response declined progressively throughout the depletion regimen (p<O.0001). At the end of 120 minutes, the contractile response was diminished to 18+±9% (SD) of control.
Similarly, the chronotropic responses to test stimulation of the cervical vagus nerves were diminished by the depletion protocol (p<O.OOO1). Under control conditions (t=0), bilateral vagus stimulation decreased heart rate to 101 beats per minute from a prestimulation value of 142 beats per minute; this constitutes the control response (100%). At the end of 120 minutes of the depletion protocol, the chronotropic response to the same test stimulation was only 22±6% as great.
The time course of the chronotropic responses to cervical vagus stimulation was not significantly different (p=0.6) from that of the atrial inotropic responses to stimulation ( Figure 6 ).
Discussion
We measured the chronotropic response to vagus nerve stimulation to test for convergence of preganglionic parasympathetic neurons from the RV and LV nerves on postganglionic neurons that innervate the sinoatrial node of the canine heart. Our results ( Figures 3A and 4A) show that administration of HC-3, combined with sustained, intense stimulation of the RV nerve, markedly diminished the ability of the RV nerve to prolong CCL. However, this same regimen had a much less pronounced effect on the chronotropic response to LV stimulation ( Figures 3A and 4B ). This effect on the LV responses was no greater than the effect produced by a 2-hour infusion of HC-3 alone ( Figures 3B and 4B ), a procedure that does not functionally deplete ACh. We define "functional depletion" to mean a reduction in the releasable pool of ACh that is pronounced enough to interfere with neurotransmission.
The results displayed in Figures 3 and 4 suggest, therefore, that our depletion regimen did not functionally deplete ACh from any substantial pool of postganglionic neurons on which preganglionic fibers from the RV and LV nerves converged. For this conclusion to be valid, however, we must demonstrate that our depletion regimen did functionally deplete ACh from postganglionic parasympathetic fibers. Whether this depletion had occurred either before (Figure 1, panels B and F) or at the same time as (Figure 1 , panels D and H) it had depleted ACh from preganglionic fibers would not be relevant. Either condition would permit the responses to RV and LV stimulation to distinguish between the presence or absence of significant convergence. However, if our depletion regimen had functionally depleted ACh from preganglionic fibers first, which would have prevented functional depletion from postganglionic fibers, our test stimulations could not have distinguished between the presence or absence of appreciable convergence (Figure 1 , panels C and G).
Our experiments ( Figure 6 ) did indeed show that the depletion regimen severely impaired neurotransmission from postganglionic parasympathetic nerve fibers. In these experiments, combined HC-3 infusion and bilateral vagus nerve stimulation markedly attenuated the atrial inotropic responses to test stimulation of the parasympathetic nerve fibers in the right atrial wall. We know that these intramural nerve fibers were postganglionic, because in two control animals not subjected to the depletion regimen, when we injected hexamethonium to block ganglionic transmission, the atrial inotropic response to cervical vagus stimulation was abrogated, but the response to intramural nerve fiber stimulation was unaffected.
In the animals subjected to the depletion regimen, the time course of the responses to combined preganglionic and postganglionic nerve fiber stimulation (cervical vagus stimulation) was parallel to that of the responses to postganglionic intramural nerve fiber stimulation ( Figure 6 ). Thus, we conclude that the attenuated responses to vagus test stimulation in animals exposed to the depletion regimen was a result of ACh depletion predominantly from postganglionic neurons or proportionately from preganglionic and postganglionic neurons.
HC-3 has two major actions: it inhibits ACh synthesis by suppressing choline transport into the nerve endings,3349 and it inhibits the response of the effector cell to ACh.4,9-11 Administration of HC-3, combined with intense stimulation of the vagus nerves, depletes the neuronal content of ACh and thereby diminishes the release of ACh from the nerve terminals. HC-3 also has an effect on cardiac and smooth muscle cells that mimics muscarinic blockade; it selectively antagonizes the action of ACh.1" We will refer to this effect as a "postjunctional" effect, because it occurs on the effector cell side of the neuroeffector junction.
The reduction in the response to vagus nerve stimulation ( Figure 3 ) that occurred immediately after the beginning of the HC-3 infusion (t=2.5 minutes) is most likely a postjunctional inhibitory influence on the cardiac effector cell membrane. This diminished response was equally evident in the depletion and drug control groups (Figure 3, panels  A and B) . This postjunctional effect complicates the interpretation of our experiments, because the neuronal depletion of ACh and the muscarinic blockade of the effector cells both have similar functional effects, namely, attenuation of the chronotropic response to nerve stimulation.
Inclusion of the drug control group ( Figure 3B ) permitted us to evaluate the contribution of the postjunctional influence of HC-3 infusion to the overall effects of the depletion regimen on the test responses to vagus stimulation. Figure 3B demonstrates that the postjunctional effect is evident within 2.5 minutes, and it persists at a fairly constant level for the duration of the infusion. The responses to LV stimulation at the end of the full depletion regimen were not significantly different from the responses to HC-3 infusion alone ( Figure 4B ). Hence, we conclude that the diminished responses at 120 minutes in the depletion and drug control groups are ascribable to the postjunctional influence of HC-3 on the effector cells. Thus, the depletion regimen must have produced negligible depletion of neurotransmitter in the postganglionic fibers supplied by the LV nerve.
Fee et al'2 have identified a pulmonary vein fat pad containing vagal synapses that regulate sinoatrial node function. The entire input to the sinoatrial node region from both vagus nerves may course through this fat pad. These investigators also identified a similar epicardial fat pad that contains parasympathetic synapses that regulate atrioventricular conduction. The presence of synapses for RV and LV fibers in such restricted areas suggests that preganglionic RV and LV fibers that affect specific cardiac functions may converge on common postganglionic nerve fibers in the canine heart. Hence, the detailed knowledge about the synaptic vagal connections may have important implications about the discrete neural regulation of specific cardiac functions.
The presence of convergence of preganglionic fibers from the RV and LV nerves on postganglionic parasympathetic neurons is well-established in hearts of certain nonmammalian species.'2 However, evidence for such convergence in mammals has been indirect and controversial.5S6 Hondeghem et a15 observed that, at low stimulation frequencies, the changes in heart rate elicited by RV and LV stimulation were algebraically additive. However, at stimulation frequencies greater than 3 Hz, the decrease in heart rate evoked by combined LV and RV stimulation was substantially less than the sum of the individual responses. Parker et a16 reported that the prolongation of CCL caused by any combination of left and right nerve stimulation was always less than the sum of the prolongations evoked by separate stimulations, even when they used low stimulation frequencies. They reasoned that if left and right preganglionic fibers converged on a substantial pool of common postganglionic neurons, bilateral stimulation would be expected to lead at times to neural facilitation rather than occlusion, especially when low stimulation frequencies are used. They never observed such facilitation, however, but only occlusion. Therefore, they concluded that their experimental results were probably not ascribable to the occlusion caused by bilateral convergence on common postganglionic neurons. Our data agree with their conclusion; our results indicate that the extent of bilateral convergence of preganglionic cardiac vagal fibers on common postganglionic neurons is negligible.
